Introduction
Previous studies have shown that electrical slow waves of the colon originate from a discrete population of cells along the submucosal surface of thecircular muscle layer and conduct in a non-regenerative manner into the depth of the circular muscle (Smith , Reed & Sanders, 1989) . The submucosal surface of the circular layer is lined with interstitial cells of Cajal (ICC; Berezin, Huizinga & Daniel, 1988) , and it has been suggested that these cells serve a pacemaker function in the gut (Faussone-Pellegrini , 1983; Li, 1940; Suzuki, Prosser & Dahms, 1986; Thuneberg, 1982) . Most of the evidence for this hypothesis has come from morphological studies, since physiological roles of ICC have been difficult to determine . This is because: i) ICC are small and networks of ICC are thin; both are difficult to identify in living tissues (Suzuki et al., 1986) ; ii) Specific , vital markers for ICC that would allow identification in living tissues have not been developed; iii) ICC form networks of cells that are electrically coupled to each other and to adjacent smooth muscle cells; recording from ICC with conventional microelectrodes cannot determine whether electrical events recorded in ICC originate in these cells or in smooth muscle cells; iv) Chemicals used to lesion ICC may also have pharmacological effects on smooth muscle cells (Sanders , Burke & Stevens, 1989) .
Our laboratories have combined a number of morphological , electrophysiological, and fluorescence techniques to study the role of ICC in generating rhythmicity . This paper briefly reviews some of the findings from these studies .
Methods and Results
Morphological association between ICC and pacemaker activity Slow waves are an important electrical activity in colonic circular muscle and appear to be the primary event linking excitation with contraction (Christensen , Caprilli & Lund, 1968; Sanders & Smith, 1986; Barajas-Lopez & Huizinga , 1989) . We have found that L-type Ca2+ channels are activated and not fully inactivated at the level of depolarization reached during slow waves (Langton, Burke & Sanders, 1989) . Thus, sustained entry of Ca2+ through these channels during slow waves appears to be the crucial step for excitation-contraction coupling in these muscles.
layer; and dual impalements of 2 cells (i.e. one at the submucosal surface and another within the depth of the circular layer) show a delay between activation of the submucosal cell and a cell in the middle of the circular layer (Smith et al., 1987) . We also found that removal of a band of cells along the submucosal surface abolished slow wave activity from the bulk of the circular layer, but slow waves could still be recorded from cells within the excised strip (Smith et al, 1987) . These findings suggest that slow waves originate from a population of cells along the submucosal surface of the circular layer. We, and others (Berezin et al., 1988) , have examined the morphology of this "pacemaker" region and found 3 cell types present in abundance ( Fig. 1 Upon examination of cross sections of the circular layer (i. e. sections cut transverse to the long axis of the circular fibers), one notices that the circular muscle is divided into bundles . The submucosal surface invaginates, creating septa, which divide the circular layer (Fig. 2a) . We have found that ICC also populate these septal structures and form a similar structural relationship with neighboring smooth muscle cells. This suggests that the slow wave pacemaker region may also extend into the septa. We tested this by removing a thin strip of muscle from the submucosal surface along septal and non-septal regions . We found that slow wave activity was abolished from the non-septal regions, confirming our earlier observation (Smith et al., 1987) , but slow wave activity could still be recorded near the septa (Fig. 3) . Besides slow wave activity, there are not obvious differences between smooth muscle cells of septal and non-septal regions (i. e. they have similar resting potentials, similar morphology, etc.). It is their proximity to ICC that is the major difference between muscle cells of the 2 regions. Thus, these data further support the notion that ICC generate pacemaker activity.
Our data also suggest that ICC are involved in regenerative propagation of slow waves.
We have reported that slow waves conduct in a non-regenerative manner through the thickness of the circular layer (Smith et al. 1987) . But in tissues and in vivo, slow waves propagate longitudinally and circumferentially without decrement for distances inconsistent with nonregenerative propagation (Sanders, Stevens, Burke & Ward, 1990 ; Christensen & Hauser, 1971A & B) . Therefore, a regenerative pathway must exist for slow wave propagation. We found that removal of a thin band of cells along the submucosal surface disrupts longitudinal and circumferential regenerative slow wave propagation and the decay of slow waves with distance was similar to the decay in these events through the thickness of the circular layer (Smith et al., 1987; Sanders et al., 1990) . We also found that slow waves propagate along the septal surfaces in a regenerative manner . Therefore, in canine colon, the bundles of circular fibers appear to be wrapped in a pacemaker/regenerative surface.
Electrical excitability and coupling of ICC may be the essential elements of this pacemaker/ regenerative surface, and the properties of ICC that allow them to be pacemakers may also Also present along submucosal surface are nerve bundles (NB).
ICC form frequent gap junctions with each other (GJ) and with adjacent smooth muscle cells (Modified from . The muscularis externae was cut transverse to the long axis of the circular muscle.
The preparation was pinned in cross-section exposing submucosa (SM), circular muscle (CM) and longitudinal muscle (LM) layers. The submucosal surface is optically dense and invaginates frequently into the circular layer, forming septa (S), which divide the circular layer into fiber bundles.
Bottom panel shows similar cross-sectional muscle strip stained with rhodamine 123. Note fluorescent band along submucosal surface of circular muscle layer and staining of septa. Electron microscopy showed that this fluorescence was due to uptake of dye into ICC and neural elements.
Smooth muscle cells were not significantly labeled with the dye.
K.M. SANDERS et al. Difference in resting potentials in Panels D and E is a result of the resting potential gradient through the circular layer (see Smith et al., 1987) , (Modified from ).
allow them to actively propagate slow waves. Indeed ICC networks may be the normal pathway for active propagation in gastrointestinal muscles.
Excitability and spontaneous activity of ICC As noted in the Introduction, it is not easy to demonstrate whether ICC originate rhythmic activity or even whether they are excitable cells using intact muscle preparations. Therefore, we have attempted to address these questions by developing a preparation of isolated ICC. We have isolated the submucosal pacemaker region by dissection and enzymatically dispersed cells from this region (for details see Langton, Ward, Carl, Norell & Sanders; . These dispersions yielded a mixed population of cells. Most were smooth muscle cells, but another cell-type with prominent nuclear regions, dark granular cytoplasm, and multiple processes was also observed (Fig. 4) . Since these are the gross features of ICC, further studies were performed to compare the ultrastructure of these ICC-like cells with ICC in situ. Cells identified under phase contrast were marked, and then fixed and embedded in resin. After relocating these cells, they were sectioned and examined with transmission electron microscopy. (Thuneberg, Johanson, Rumenssen & Anderson, 1983 ), but we have found that this agent has non-specific effects on smooth muscle cells (Sanders, Burke & Stevens, 1989) .
It would be extremely useful to develop more specific labels for ICC and to find compounds that are specifically toxic to ICC.
Since ICC contain an abundance of mitochondria, we have tested the fluorescent dye rhodamine 123 ), a specific mitochondrial marker (Johnson et al. 1980) , for its ability to specifically label ICC vs. smooth muscle cells. Rhodamine 123 has cytotoxic effects on some tumor cells (Nadakavukaren et al., 1985; Modica-Napolitano & Aprille, 1987) , suggesting that uptake of this compound might be a means to specifically lesion labeled cells. Therefore, we have also studied the effects of rhodamine 123 on the slow wave activity of intact muscles. 
